A facile ball milling-assisted solid-state reaction method was developed to synthesize Ag-Cu 2 O/graphene oxide (GO) nanocomposites. In the resultant complex heterostructures, Ag nanocrystals were mainly deposited on the surface of Cu 2 O, while Ag-Cu 2 O composites were anchored onto GO sheets. The resultant Ag-Cu 2 O/GO nanocomposites exhibited excellent photocatalytic activity with 90% of methyl orange (MO) dye degradation efficiency after 60 min of visible-light irradiation, which was much higher than that of either Cu 2 O or Ag-Cu 2 O. This study opens a new avenue to fabricate visible-light-responsive photocatalyst with high performance for environmental pollution purification.
Introduction
Developing visible-light-responsive photocatalysts for the extensive application in environmental pollution purification has attracted considerable concerns in recent years. Of the concerned photocatalysts, cuprous oxide (Cu 2 O), a p-type semiconductor with a small direct band gap (1.9-2.2 eV), has been proved to be the most promising candidate for visible-light-driven photocatalytic decontamination [1] [2] [3] [4] . Unfortunately, the rapid recombination of photogenerated electron-hole pairs greatly decreases its quantum efficiency and limits its promising applications in photocatalysis [5] . To prevent the recombination of photogenerated electronhole pairs, several strategies such as doping with elements [6, 7] and coupling with other semiconductors [8, 9] have been developed to design and synthesize the desired Cu 2 Obased composite materials, since it has been demonstrated that semiconductor-based composite/hybrid materials can display new synergistic properties arising from the interaction between the different components to improve the performances of the original semiconductors [10] .
Among various strategies, constructing noble metalsemiconductor binary nanohybrids is an effective method for improving the photocatalytic activity. It is believed that the Schottky barrier created between metal and semiconductor can effectively prevent the recombination of photogenerated charge carriers during the photocatalytic process, resulting in an enhanced photocatalytic activity [11, 12] . To date, several binary metal/Cu 2 O heterogeneous nanostructures such as Cu/Cu 2 O [13] , Au/Cu 2 O [14, 15] , and Ag/Cu 2 O [16, 17] have been successfully prepared and have shown expected enhanced photocatalytic activities in degradation of organic dyes like MO [13, 16, 17] , methylene blue (MB) [14] , and pyronine B [15] compared to pure Cu 2 O.
Although dual-ingredient metal/Cu 2 O composites display an enhanced photocatalytic performance for photocatalytic degradation of organic pollutants compared to pure Cu 2 O, multicomponent nanomaterials are expected to provide much higher photoactivity and to promote the development of novel nanoarchitectures with extraordinary properties [18] . Recent studies [19] [20] [21] have evidenced that the combined effect of graphene and plasmonic metals on the semiconductor photocatalyst can effectively improve the photocatalytic activity via suppressing photogenerated electron-hole recombination and/or increasing the photoabsorption ability. For instance, Ahmad et al. [19] have introduced graphene to Mn-doped ZnO forming Mn-doped ZnO/graphene ternary nanocomposite photocatalysts using solvothermal method for photocatalytic degradation of MB under visible-light irradiation. They find that the as-synthesized Mn-doped ZnO/graphene ternary nanocomposite shows an impressive photocatalytic enhancement over Mn-doped ZnO or pure ZnO samples, which can be attributed to enhanced visible-light absorption, efficient charge separation, and fast transfer processes. Jin et al. [20] have fabricated Cu-P25-graphene ternary composite through hydrothermal method for photocatalytic degradation of MB. Compared to the pure P25 and the P25-graphene binary composite, the as-fabricated Cu-P25-graphene ternary composite exhibits extended visible-light absorption, good charge separation capability, and high degradation rate of MB under visible-light irradiation. Hsieh et al. [21] have constructed ternary Pt-TiO 2 /graphene hybrids with higher visible-lightdriven photocatalytic activities in degrading AO7 than TiO 2 /graphene. To sum up, it will be beneficial to use the synergetic effect among graphene, metal, and semiconductor photocatalysts for improving visible-light absorption and photocatalytic activity.
Considering the advantages of the aforementioned types of photocatalysts, fabricating Ag-Cu 2 O/graphene ternary composite may reveal some desirable properties for photocatalytic applications. However, at present, only one research [5] focuses on this kind of nanocomposite. And much work should be done to prepare Ag-Cu 2 O/graphene ternary nanocomposites instead of binary nanomaterials for improving photocatalytic performance. On the other hand, a variety of methods such as solvothermal [19] and hydrothermal [20, 21] has been established to prepare metal-semiconductor/graphene ternary composites. These methods generally involve a multiple-step synthesis procedure, which is complicated and not suitable for mass production. Thus, a simple, high-yielding, and environmentally friendly method is highly desirable for the bulk production of this kind of ternary composites with high photocatalytic performance.
Compared to other methods for the preparation of nanomaterials, the ball milling-assisted solid-state reaction method has a simpler process, higher yield, and lower environmental impact, which has been reported in our previous work [4, 22] were purchased from Beijing DK nano technology Co. LTD and used as received. An X-ray powder diffractometer (XRD; Bruker D8 Advance, Germany) with Cu Kα radiation (λ = 0 15418 nm), an accelerating voltage of 40 kV, and an emission current of 40 mA was used to determine the crystal phase composition and the crystallite size of the synthesized samples. A field-emission scanning electron microscope (FE-SEM; Hitachi S-4800, Japan), a high-resolution transmission electron microscope (HRTEM; JEOL JEM-2100, Japan), and a transmission electron microscope (TEM; HT7700, Japan) with an energy-dispersive X-ray spectroscopy system (EDS; Oxford Instruments, UK) were employed to observe the microstructures, morphology, and elemental composition of the as-synthesized samples.
Synthesis Procedure.
In a typical synthesis process, Cu 2 (OH) 2 CO 3 , AgNO 3 , H 2 C 2 O 4 ·2H 2 O, and GO were firstly mixed together in a certain molar ratio. Then, the resultant mixtures were allowed to have a ball milling reaction for 1 h using the planetary ball mill (QM-3SP04, China) with zirconium oxide tanks at a rotation speed of 480 rpm at room temperature. Finally, the as-obtained intermediate product was calcined at 350°C for 1 h under the protection of nitrogen to get the Ag-Cu 2 O/GO ternary nanocomposite. Following the same procedure, various Ag-Cu 2 O/GO nanocomposites were synthesized at an AgNO 3 /Cu 2 (OH) 2 CO 3 /H 2 C 2 O 4 ·2H 2 O molar ratio of m : 1 : (1 + m) and a Cu 2 (OH) 2 CO 3 /GO mass ratio of 50 : 1 and were termed as mAg-Cu 2 O/GO (m was in the range of 0.02~0.2). Also, 0.1Ag-Cu 2 O was prepared by removing GO from the starting materials, and pure Cu 2 O was obtained by removing AgNO 3 and GO.
2.3. Photocatalytic Activity Measurement. The photocatalytic degradation experiments were carried out in a photochemical reactor using a 300 W Xe lamp with a 420 nm UV cutoff filter, and the photocatalytic performances of the assynthesized mAg-Cu 2 O/GO nanocomposites with m values of 0.04, 0.06, 0.1, and 0.2 were evaluated by the photocatalytic degradation of the MO solution. The reaction temperature was kept at room temperature by cooling water to prevent any thermal catalytic effect. In a typical photocatalytic experiment, 0.25 g of the mAg-Cu 2 O/GO powder was first added into 100 ml of the MO solution (20 mg l −1 ). Then, prior to light irradiation, the resultant solution was magnetically stirred in the dark for approximately 30 min to ensure the adsorption-desorption equilibrium between the catalyst and the MO molecules. Next, the resultant solution was exposed to Xe lamp irradiation. Finally, a 5.0 ml reaction suspension including the photocatalyst and MO was withdrawn and centrifuged to separate the photocatalyst at 15 min intervals. The degradation rate of MO was evaluated by recording the intensity of absorption peak of MO (464 nm) relative to its initial intensity (c/c 0 ) using a spectrophotometer. The details were referred to our recent work [22] . Following the same (Figures 3(a) and 3(b) ). The microstructure of 0.1Ag-Cu 2 O/GO nanocomposite is further investigated by HRTEM. As shown in the HRTEM image (Figure 3(c) To further observe the composition and the distribution of various elements, the EDS analyses of 0.1Ag-Cu 2 O/GO are also performed. EDS analyses in the scanning transmission electron microscopy (STEM) mode have shown the presence of Ag, Cu, O, and C elements in the Ag-Cu 2 O/GO composites, as shown in Figure 4 . The EDS spectrum in Figure 4 (a2) indicates that the marked area in Figure 4 (a1) contains 57.7 wt% C, 11.9 wt% O, 27.9 wt% Cu, and 2.5 wt% Ag. That is, the atomic ratio of Cu to Ag is about 18.94 : 1, which is in agreement with the theoretical value of 20 : 1 in 0.1Ag-Cu 2 O/GO. In contrast, another selected area for EDS analysis is located at the Ag deposition region on an individual Ag-Cu 2 O nanoparticle (Figure 4(b1) ) and the EDS spectrum indicates that the selected area contains 20 wt% C, 3.9 wt% O, 30.8 wt% Cu, and 45.3 wt% Ag (Figure 4(b2) ). Through data calculation conversion, the atomic ratio of Cu to Ag is about 1.15 : 1 in the selected area in Figure 4(b1) . It is seen that, compared with that in Figure 4(a1) , the selected area in Figure 4 (b1) is rich of Ag, which provides further evidence that the small Ag nanocrystalline is directly deposited on the surface of Cu 2 O nanoparticles. In order to analyze the distribution of each element in the sample, EDS image scanning is performed on the framed area in Figure 4 (c1) and the elemental maps of Cu, O, C, and Ag are shown in Figures 4(c2) , 4(c3), 4(c4), and 4(c5), respectively. As can be seen, C element signals cover the entire selected area (Figure 4(c4) ), suggesting that they are mainly from the GO. Figure 5 . Obviously, the photolysis of MO is negligible in the absence of the photocatalyst and pure GO exhibits 9.7% photocatalytic degradation efficiency for MO after 60 min of visible-light irradiation, suggesting its low photocatalytic activity. Besides, the photocatalytic degradation efficiency of pure Cu 2 O is up to 64%, while 0.1Ag-Cu 2 O is up to 78%. Acting as electron sinks, Ag nanoparticles deposited on Cu 2 O can reduce the recombination of the photoinduced carriers, resulting in better photocatalytic activity of 0.1Ag-Cu 2 O than pure Cu 2 O. It is worth mentioning that all the Ag-Cu 2 O/GO ternary nanocomposites exhibit excellent photocatalytic activities, which are much higher than those of either pure Cu 2 O or Ag-Cu 2 O binary composites. Moreover, the photocatalytic activities of the mAg-Cu 2 O/GO increase slightly with increasing Ag loading amounts from 0.04 5 International Journal of Photoenergy 0.1 of m value is the optimal loading content of Ag and the higher content of Ag could be detrimental to the photocatalytic efficiency. It is due to its high content that Ag may serve as a new recombination center between photogenerated electrons and holes, thus reducing the photocatalytic activity of the photocatalyst [23] . In addition, the stability and reusability of 0.1Ag-Cu 2 O/GO are evaluated over its multiple cycles for the photocatalytic degradation of MO. Stability tests are performed by repeating the reaction five times with the cycle length of 60 min using the recovered photocatalyst, and the degradation percentage of MO is about 89% at the end of the fifth cycle, which reveals that there is a negligible decrease in photocatalytic activity up to five cycles. So, 0.1Ag-Cu 2 O/GO ternary nanocomposite prepared in the present work is a highly stable and reusable photocatalyst.
As expected, all the Ag-Cu 2 O/GO nanocomposites show higher photocatalytic activities in the degradation of MO compared to the pure Cu 2 O or the Ag-Cu 2 O binary composite. It generally can be ascribed to a positive synergetic effect between various components. First of all, GO plays important roles in improving the visible-light-driven photocatalytic performance, which are described as follows: (1) the strong adsorption of GO to MO molecules resulting from the special π-conjugation and larger surface area of GO results in a high concentration of MO on the surface or in the vicinity of Ag-Cu 2 O deposited on GO and thus increases the reaction rate. (2) GO with good electrical conductivity can act as an electron sink due to its higher work function than 4.42 eV of grapheme, and the existence of π-bands in GO facilitates charge transfer along the π-system [24] , which accelerates electron transfer from Cu 2 O to GO and further transfer to electronic receivers, leading to an improvement in the separation efficiency of the photoinduced carriers. Thereby, the higher photocatalytic performance of Ag-Cu 2 O/GO ternary composites can be achieved. Apart from GO, Ag nanoparticles are also Figure 6 : Schematic illustration of the charge transfer in Ag-Cu 2 O/GO composite. 6 International Journal of Photoenergy responsible for the higher photocatalytic performance of AgCu 2 O/GO ternary composites because they can also act as electron sinks to prevent the recombination of the photogenerated electrons and holes. And synergetic effects among different components for the superior photocatalytic activity of Ag-Cu 2 O/GO ternary nanocomposites are illustrated in Figure 6 . The valence band (VB) and the conduction band (CB) of Cu 2 O with a band gap of about 1.94 eV in the composite are estimated to be about 0.5 eV and −1.44 eV versus normal hydrogen electrode (NHE) (pH = 0), respectively [25] . When Ag-Cu 2 O/GO is under visible-light irradiation, the photoinduced electrons (e − ) will transfer from CB of Cu 2 O to GO or Ag deposited on Cu 2 O and then GO with superior conductivity will transfer these electrons along the π-system to the liquid/GO interface, while Ag nanoparticles with photoexcited plasmonic metallic nanostructure can extend the lifetime of electrons that arrived on its surface, which are crucial for the electron-dominated reduction reaction. At the liquid/GO interface or on the surface of Ag nanoparticles, the dissolved oxygen (O 2 ) in water acting as the electron scavenger can be reduced by trapping electrons to superoxide radical anions (O 2 − ) and is further converted into hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (·OH). Then, hydroxyl radicals and superoxide radical anions acting as very powerful oxidants will oxidize MO molecules into small molecules such as CO 2 and H 2 O. Therefore, combining photocatalytically active Cu 2 O with GO acting as the electron sink and the adsorbent, as well as Ag nanoparticles acting as electron traps, can contribute to an effective photocatalytic degradation of MO under visible-light irradiation.
Conclusions
In this study, various Ag-Cu 2 O/GO ternary nanocomposites as novel visible-light-responsive photocatalysts have been synthesized via a simple ball milling-assisted solid-state reaction route for the first time. Compared to the pure Cu 2 O and the Ag-Cu 2 O binary nanocomposite, the as-synthesized AgCu 2 O/GO ternary nanocomposites show superior visiblelight-driven photocatalytic activity for MO degradation. The excellent photocatalytic activity of Ag-Cu 2 O/GO can be attributed to the following facts: (1) the strong adsorption of GO to MO molecules results in increasing reaction rate of photocatalytic degradation; (2) good electrical conductivity and π-bands of GO are in favor of charge transfer, reducing the recombination of the photogenerated charge carriers; (3) Ag nanoparticles serve as electron sinks, accelerating the photoinduced charge carrier separation. The excellent performance of the Ag-Cu 2 O/GO photocatalyst enables it to be used as a promising candidate in the field of environmental pollution purification. Also, this study provides a facile synthetic route for the synthesis of visible-light-responsive ternary nanocomposites with high photocatalytic performance.
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